Abstract Sesquiterpenes are an abundant group belonging to the terpenoid family, with a C15 structure comprise of three isoprene units. Many sesquiterpenes are volatile compounds and it act as chemical messenger in plant signalling, particularly in the defense mechanism against biotic and abiotic stresses. Panax ginseng Meyer is important medicinal herbs with various reported pharmacological efficacies in which its triterpenoid saponins, called ginsenosides, were mostly studied. However, there have been few studies on volatile sesquiterpenes compounds regulation on P. ginseng. As slow-growing perennial plant, P. ginseng received many kind of stresses during its cultivation. The pathogen attack is one of the most devastated perturbation for ginseng yield. Thus, we aimed to analyze P. ginseng STS gene (PgSTS) expressions in ginseng organs as well as mono-, sesquiterpenes contents from ginseng seedlings treated with elicitors. qRT-PCR and GC-MS analysis showed that two elicitors-salicylic acid (SA) and methyl jasmonate (MeJA) triggered PgSTS expression at different time points and significantly induced mono-, sesquiterpene yield. Overexpression of PgSTS in Arabidopsis also induced high terpene content and conferred tolerance against Pseudomonas syringae pv. tomato infection. These results suggested that PgSTS transcripts are involved in terpenoid biosynthesis in response to environmental stress mediated by MeJA and SA elicitors; thus, generate tolerance against pathogen attack.
Introduction
Terpenoids are the most abundant group with over 30,000 known compounds among secondary metabolites (Degenhardt et al. 2009 ). Sesquiterpenes (C15), the most diversified group of the terpenoid family, plays a variety of ecological roles such as defense signalling (Schnee et al. 2006 ) and also as medicines (i.e. artemisinin for antimalaria) (Kuhn and Wang 2008) . All sesquiterpenes are produced either through mevalonic acid pathway (MVA) pathway or 1-deoxy-d-xylulose/2-C-methyl-d-erythritol-4-phosphate (DOXP/MEP) pathway (Hampel et al. 2005) . Until now, at least 300 types of sesquiterpenes have been discovered and numerous sesquiterpenes are volatile compounds which usually are released from the leaves and flowers as a signal to attract pollinators or dispel predatory and parasitic insects. The synthesis and accumulation of volatile sesquiterpenes have also been demonstrated in rhizomes and roots (Arimura et al. 2008) .
The synthesis of sesquiterpenes is catalyzed by sesquiterpene synthase (STS). STS frequently was revealed as rate-defining enzymes in the pathways they take part Sung-Joo Yoon and Johan Sukweenadhi have contributed equally to this work. (Picaud et al. 2005) . In planta transformation is one way to improve our understanding of STSs in plants. Gene transformation of several STSs from different sources of plant had been reported, including amorpha-4,11-diene synthase from Artemisia annua (Wallaart et al. 2001 ), (?)-d-cadinene synthase (CAD1) from cotton (Xu et al. 2004) , and trans-b-caryophellene synthase from both rice (OsTPS3) (Cheng et al. 2007 ) and Arabidopsis (TPS21) (Huang et al. 2012) . Interestingly, transgenic plants overexpressing STS have a high level of sesquiterpene production, which acts as a defense mechanism against various abiotic and biotic stresses.
Panax ginseng Meyer is one of the most worthful medicinal herbaceous plant. Its roots are mainly used since the main constituents, triterpene saponins, also called as ginsenosides, are mainly found there. The pharmacological actions of ginseng include anti-tumor, anti-aging, anti-diabetes, anti-stress, and also improvement of immune function (Keum et al. 2000; Cheng et al. 2005 ; Lee et al. 2006; Yuan et al. 2012; Kang and Min 2012) . There are many efforts to increase the content of ginsenosides using various elicitors and fungicides such as SA, MeJA, and lime-bordeaux mixture (Ali et al. 2006; Rahimi et al. 2015) . Despite of that, there have been few studies on volatile compounds produced from ginseng. Some studies demonstrated sesquiterpene hydrocarbons production in roots and rootlets of ginseng (Yoshihara and Hirose 1975; Richer et al. 2005) . Here, we investigated such volatiles in detail and isolated several interesting sesquiterpenes from ginseng seedlings. We previously isolated PgSTS gene (KF294501) from P. ginseng and its expression against various environmental stress conditions were analyzed (Khorolragchaa et al. 2010) . Furthermore, we performed functional characterization of PgSTS overexpressing lines in Arabidopsis in response to exogenous elicitors against Pseudomonas syringae pv. tomato infection.
Materials and methods

Plant materials and growth conditions
From 4-year-old P. ginseng, different organs were sampled for gene expression pattern analysis. Meanwhile, ginseng seeds were sown and after it reached 4 weeks, the seedlings were used as terpene samples and gene expression analysis. All ginseng seeds and ginseng plants were obtained from the Ginseng Resource Bank, South Korea. Surface sterilization of ginseng seeds was done with 70 % ethanol for 30 s and subsequently placed in a 2 % solution of sodium hypochlorite for 15 min. The seeds then rinsed three times with double distilled water and sown on solidified Murashige and Skoog (MS) from Duchefa Biocheme, Netherland. Medium supplemented with 10 mg mL The PgSTS gene from our previous report (Khorolragchaa et al. 2010 ) was analyzed using BioEdit, ClustalX, MEGA5.1 Beta3 and NCBI BlastX (Alschul et al. 1997; Thompson et al. 1997; Tamura et al. 2011) . GENSCAN server (http://genes.mit.edu/GENSCAN.html) was used to generate STS protein sequence, then, the obtained sequence was subjected to NCBI-BLAST. The information about appropriate structural templates and secondary structure elements was collected from Protein Structure Prediction Server/ PSIPRED (McGuffin et al. 2000) . The PgSTS and (?)-d-cadinene synthase of Gossypium arboreum (GaDCS) protein sequences (Gennadios et al. 2009) were aligned by using EBI-Align server (Lombard et al. 2002) . Modeller9v2 software (Sali and Blundell 1993) was employed to construct a three-dimensional theoretical model of STS. Following the information collected from EBI-DaliLite, a monomeric structure was generated on Silicon Graphics Workstation by using InsightII (Accelrys, San Diego, CA, USA) (Holm and Park 2000) . The theoretical monomer model was imposed to the SYBYL 7.1 (Tripos Inc., St. Louis, MO, USA) package in order to correct stereochemistry and bumps of the model at the interface regions. The geometric inaccuracies of the hypothetical model were validated by applying the model to PROCHECK (Laskowski et al. 1993) . In addition, the theoretical model of PgSTS in a pentameric form was structurally associated with the test structure of GaDCS (Gennadios et al. 2009 ) and rendered using PyMOL (DeLano 2002).
Elicitor treatment of ginseng seedlings
Four-week-old ginseng seedlings elicited with MeJA and SA were used to investigate the PgSTS gene response and its terpene content. P. ginseng seedlings were placed in MS media supplemented with 100 lM of SA or 50 lM of MeJA. Then, samples were collected after 3, 6, 12, 24 and 48 h post-treatment (Cheng et al. 2005 and reverse, 5 0 -AGAGAAGCTAAGATTGATCCTCC-3 0 ). The thermal cycler conditions were used as follows: 95°C for 10 min, followed 40 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C 20 s, as manufacturer recommendation. At the last step of each cycle, fluorescent products were detected. Rotor-GeneTM 6000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia) was used to carry out amplification, detection, and data analysis. Threshold cycle (Ct) data were collected, representing the number of cycles at which the fluorescence intensity was significantly higher than the background fluorescence at the initial exponential phase of PCR amplification. The Ct values for PgSTS were normalized with Ct value for b-actin to determine the relative fold change in template of each sample, which was used as a relative calibrator according to the formula 2 -DDCt
. All experiments were replicated 3 times independently.
Vector constructions for in planta transformation
A complete sequence of PgSTS was amplified from P. ginseng cDNA using specific primers incorporating a SalI (5-TCGTCGACATGGATGTGAATATCCTT-3) or EcoRI (5-TGGAATTCTATGGGAACAGGATCTAT-3) restriction site. To overexpress PgSTS into Arabidopsis, purified PgSTS was digested with SalI-EcoRI restriction enzymes and inserted into pCAMBIA1390 (Pro35S: CFP, a gift from Elison Blancaflor), where CFP was integrated into SalI and EcoRI sites. The generated construct designated as Pro35S: PgSTS-CFP were confirmed by nucleotide sequencing and used for in planta transformation of Arabidopsis thaliana C60000 using Agrobacterium tumefaciens C58C1 (pMP90) mediating transformation (Bechtold and Pelletier 1998) . Seeds from five independent transgenic lines were randomly selected and the copy numbers of PgSTS cDNA in these lines were estimated on the basis of their segregation on hygromycin (50 mg L -1 ) plates. PCR analysis was performed to investigate the stable integration of PgSTS transgenic plants. The transgenic lines PgSTS expression was then verified by qRT-PCR, which showed increased expression compared with wild-type (WT) plants.
Terpene extraction
Mono-and sesquiterpenes were extracted from 4-week-old ginseng seedlings following Lee and Chapell (2008) . Briefly, to extract terpene compounds, approximately 0.5 g of ginseng seedlings were ground using mortar and pestle with liquid nitrogen, and extracted twice by dissolving on 1.5 mL of ethyl acetate: hexane (15:85). The extracts were consolidated and purified by using two rounds of silica column chromatography. The subsequent extract was applied to a silica column (7 mm 9 146 mm) followed by eluting with 3 ml of fresh ethyl acetate: hexane (15:85). The gathered eluent was applied to a second silica column (7 mm 9 146 mm), trailed by eluting oxygenated compounds and hydrocarbons with 2 mL of ethyl acetate: hexane (15:85). For GC-MS sample preparation, approximately 8 mL of final effluent was concentrated to 0.1 mL using nitrogen. Thermo Finnigan DSQ GC/MS (Thermo Fisher Scientific) system equipped with a Restek Rtx-5 capillary column (30 m x 0.32 mm, 0.25-lm phase thickness) was used to analyze terpene constituents from a different sample aliquot. The injector port was kept up at 220°C in splitless mode. For monoterpene investigation, the oven temperature was set to 40°C for 1 min followed by a 4°C min -1 , 21 gradients to 150°C and afterward 20°C min -1 , 21 gradients to 300°C. Meanwhile, for sesquiterpene investigation, the starting oven temperature of 70°C (0.5 min) was expanded in a 4°C min -1 , 21 gradients to 180°C followed by a 20°C min -1 , 21 gradients to 300°C. Mass spectra were recorded at 70 eV and the scanning started from 35 to 300 atomic mass units (m z -1 ). All identified compounds from the enzyme assays or leaf extracts were confirmed by comparing the mass spectra and retention time with authentic standards and/or reported mass spectra in the MassFinder 2.3 and NIST mass spectra library version 2.0.
Bacterial treatment of PgSTS ox lines of Arabidopsis thaliana
King's B medium with additional rifampicin (50 mg L -1 ) wa used to culture Pseudomonas syringae pv tomato DC3000 (ATCC No. BBA-871). Inoculum (OD 600 = 0.4-0.5) was prepared from overnight bacteria cultures by centrifugation, followed by resuspension in 10 mM MgCl 2 . Then, bacteria suspension (OD 600 = 0.01 in 10 mM MgCl 2 ) was sprayed into rosette leaves of 4-week-old Arabidopsis plants. Total of 6 plants (each of Mock and infected) were used for quantitative analysis, from which 3 leaves were taken from each plant. Each leaf was gently inverted, exposing the abaxial (under) side, then 1 mL needless syringe containing the bacterial suspension (1 9 10 6 CFU mL -1 ) was used to pressure-infiltrate leaf intracellular spaces. After that polythene bag was used to cover plant for maintaining its humidity. 2 and 4 days post-treatment, the leaves were sampled, surface-sterilized using 70 % ethanol then rinsed with distilled water. Excised leaf disks (1 cm 2 ) were put in 1.5 mL microfuge tubes with addition of 1 mL sterile distilled water and macerated using TissueLyser II (Qiagen). Serial dilutions of the resulting lysates were plated on King's B medium with additional rifampicin (50 mg L -1 ) and the colony-forming units (CFU) of each sample were enumerated 2 days after.
Sesquiterpene analysis of PgSTS ox lines of Arabidopsis thaliana
Solid-phase microextraction (SPME)-trapped volatiles were performed by GC-MS to investigate sesquiterpene (Aharoni et al. 2003) . Briefly, 0.3 g of 5-week-old Arabidopsis inflorescence was brought into a 20 mL vial (Gerstel, Mülheim, Germany). The fused silica fiber of the SPME device (coated with 100 lm of polydimethylsiloxane) was introduced into the vial through an aluminum cap. At that point, the volatiles were caught by presenting the fiber to the headspace for 30 min. A 65 um polydimethylsiloxane-divinylbenzene (PDMS-DVB) coated fiber was utilized next. The SPME fiber was exposed in the head-space at 45°C for 20 min. Later, the fiber was pulled into the needle and moved to the injector of the GC-MS. Utilizing He (37 kPa) as the carrier gas, an HP-5 column (50 m 9 0.32 mm, film thickness 1.05 pro) was used. The GC oven temperature was schemed as follows: Hold at 80°C for 2 min, increment to 250°C at a rate of 8°C/min, and hold at 250°C for 5 min. Mass spectra in the electron impact mode were produced at 70 eV. The compounds were identified by comparing GC retention records and mass spectra with those of authentic reference compounds.
Results and discussion
Sesquiterpenes along with monoterpenes are an crucial essential oils constituents from plants, as the most diverse group of isoprenoids. In addition, sesquiterpenes have been reported to act as defense agents against various environmental stresses, thus, it is important to analyze terpene content in elicitor-treated conditions. In the present study, we characterized PgSTS gene expression in various organs Trans-b -caryophyllene 0.01 0.13 0.37
Trans-a-bisabolene --0.1 of ginseng as well as determined sesquiterpene content in P. ginseng seedlings and overexpressed Arabidopsis lines treated with different elicitors. Furthermore, we checked the Arabidopsis transgenic lines tolerance against Pseudomonas syringe infection. The roots of ginseng have long been used for medicinal purposes. Many reports on ginsenosides have been published. However, there have been few studies of the volatile compounds produced by ginseng, except some reports that sesquiterpene hydrocarbons were thought to be present only in the roots and rootlets of ginseng (Yoshihara and Hirose 1975; Richer et al. 2005) . Here, the detailed investigation of the volatiles of ginseng and isolated several sesquiterpenes from ginseng Residues that are identical in at least half of the sequences are printed with a black background, residues that are similar in at least half of the sequences are printed with a gray background, and residues with \50 % similarity are printed with a white background. EtACS (ADK94034), CaSTC (ABK63808), PgSTS (AGS16741), TgSTS2 (AFV09099), and TgSTS1 (AFV09098) Physiol Mol Biol Plants (October-December 2016) 22(4):485-495 489 seedlings were carried out. The levels of terpenes under SA and MeJA treatments were quantified by using GC-MS. Levels of terpenes in ginseng seedlings increased within 24 h, reached 3.18 and 9 % of emission after the exposure to SA and MeJA, respectively (Fig. 1) . Two (b-myrcene and l-limonene) and four types (b-pinene, bmyrcene, l-limonene and b-phellandrene) of monoterpenes were released at 48 h in response to SA and MeJA, respectively (Table 1) . Likewise, SA and MeJA caused a significant increase in sesquiterpene yield in ginseng seedlings. The types and levels of sesquiterpene were increased after 48 h (Table 1) in which only 3 types of sesquiterpenes were found in control plants. However, upon treatment with SA and MeJA, the number of sesquiterpenes increased to 6 and 11 %, respectively. After MeJA treatment, four-week-old ginseng seedlings produced 11 different kinds of sesquiterpenes, while SA treated seedlings produced 6 kinds of sesquiterpenes. There were also increases in the sesquiterpenes, trans-bfarnesene, b-elemene, and trans-b-caryophyllene by 2, 0.41, and 0.13 % after SA treatment and 5.53, 1.19, and 0.37% after MeJA treatment, respectively (Table 1) . Both of treated seedlings have trans-b-farnesene as the highest percentage of volatiles. Trans-b-farnesene is an acyclic sesquiterpene olefin found from both plant and animal taxa, reported as an important chemical messenger. Indeed, trans-b-farnesene is one of essential oil found in hundreds of angiosperms and gymnosperms species (Crock et al. 1997) . Trans-b-farnesene was originally found in both fresh and dried roots of ginseng, but not at a high percentage compared with other sesquiterpenoid volatiles (Yoshihara and Hirose 1975) . Thus, it convinced that elicitors treatment raised the production of sesquiterpenes. Previously, PgSTS is found to have 1883 bp nucleotide length and has an open reading frame (ORF) of 1704 bp encoding a precursor protein of 568 amino acids (Khorolragchaa et al. 2010) . PgSTS had the highest sequence homology to STS 1 and 2 from Thapsia garganica (AFV09098 and AFV09099), with similarities of 59 and 62 %, respectively. Sequence analysis also revealed high similarity and identity with other species such as a-copaena synthase of Eleutherococcus trifoliatus (ADK94034) (identity 53 % and similarity 69 %), and sesquiterpene cyclase of Centella asiatica (ABK63808) (identity 51 % and similarity 61 %) based on phylogenetic tree made from the retrieved amino acid sequences of STSs (Fig. 2) . Multiple alignment of PgSTS indicated that the amino-acid residues were highly conserved with all of the sequences (Fig. 3) , including PgSTS containing an arginine-arginine/ tryptophan conserved motif RRx 8 W which is often found in the N-terminal portion (Bohlmann et al. 1998) , at 26-36 positions from the N-terminal and also aspartate-rich DDxxD active-site motif, which is found in all terpene enzymes (Whittington et al. 2002) , at 320-324 positions from the N-terminal (Fig. 3) . These motifs and variations thereof are described to play an crucial role in enzyme function (Davis and Croteau 2000) and are commonly found in plant terpene synthases (Aubourg et al. 2002) and. The short N-terminal region upstream of the RRx 8 W motif indicated the absence of a plastid transit peptide (Bohlmann et al. 1998 ). In addition, a three-dimensional model of PgSTS indicated a similar composition as other homologous plant terpene synthases (Fig. 4) . By utilizing the crystal structure of previous structurally characterized plant STS, the GaDCS (Chain A) monomer as the model (Gennadios et al. 2009 ), a theoretical structure of PgSTS was . The data represent the mean ± SE of three independent replicates. Average values of treated samples are significantly different compared to the control at *P \ 0.001 according to Student's t test derived from the program MODELLER, based on the alignment generated by EBI-Align. For one subunit modeling, 20 different models were produced and the structure with the lower energy value was chosen. The structural superimposition of tentatively available monomer residue and hypothetically acquired structure was collected from EBI-DaliLite server (Fig. 4a) . Then, by using InsightII, a theoretical structure of PgSTS was generated refer to the information provided by EBI-DaliLite. The superimposition results revealed that the structurally conserved regions (SCRs) and the structurally variable regions (SVRs) were quite similar compared to the target PgSTS and template GaDCS (Fig. 4b) . The monomer was imposed to 100 iterations in order to strip steric clashes at the subunit interfaces. Procheck was used to examine the stereochemical quality which is apparently the most powerful determinant of theoretical protein coordinates quality. The Ramachandran plot quality was worthy good compared to that of the template structure, which justified the theoretical model reliability. The average pairwise RMS fit of the Ca coordinates of the experimental and theoretical structures was 0.163 Å , indicating a strong structural conservation among models and similarity in the structural folds. Likewise, the major segment of the PgSTS sequence was in good consensus with the GaDCS (Chain A) template. GaDCS is a sesquiterpene cyclase catalyzes biosynthesis of cadinane-type sesquiterpenes, such as gossypol. This compound belong to sesquiterpene phytoalexins which was found to be able providing constitutive and inducible defence protection against pests and diseases (Chen et al. 1995) . Similarity with this protein indicating possible role of PgSTS on pathogen defense response.
An organ-specific expression pattern of PgSTS was determined using mRNA samples of 4-year-old P. ginseng by qRT-PCR. As shown in Fig. 5 , PgSTS expressions were observed higher in the leaf (10.97-fold) and stem (12.03-fold) rather than in the flower bud (4.43-fold), rhizome (4.26-fold), main roots (5.65-fold) and lateral roots (6.20- The data represent the mean ± SE of three independent replicates fold). It was corresponded with Oryza sativa terpene synthase (OsTPS3) which is strongly expressed in leaf, spikelet and sheath tissues (Cheng et al. 2007 ). In contrast, Zingiber STS (ZSS1) expressed strongly in rhizomes and very weakly in stems (Yu et al. 2008a, b) . qRT-PCR analysis was performed using four-week-old seedlings of P. ginseng to check whether PgSTS transcription can be influenced by different elicitors such as SA and MeJA. Specifically, PgSTS was expressed differentially when ginseng roots were exposed to these elicitors as a function of exposure time (Fig. 6) . SA induces gene expression which related to biosynthesis of several classes of plant secondary metabolites, regarded as a general inducer of plant defensive metabolite production. PgSTS expression was increased 0.24-fold at 3 h and continued to increase until 12 h post treatment in ginseng seedlings upon treatment with 100 lM SA (Fig. 6a) . PgSTS transcript levels were increased to 7.82-fold (highest) at 12 h and slightly reduced to 6.91-fold at 48 h. PgSTS exhibits a similar transcription profile in ginseng hairy roots (Khorolragchaa et al. 2010) . Sometimes SA cannot induce terpene expression in plants, such as trans-b-ocimene synthase from A. thaliana (Faldt et al. 2003) . Jasmonates including MeJA have been reported to be signal transducers for plant secondary metabolites production (Gundlach et al. 1992) and stimulate accumulation of metabolites consist of different structural classes, such as alkaloids, terpenoids, phenolic compounds and others. RT-PCR results showed that the AtTPS03 expression 16 h post treatment was greater than that of a 2 h post treatment with JA (Faldt et al. 2003) . Similar with that, MeJA treatment also upregulated the PgSTS expression on ginseng seedlings after 1 h (0.82-fold), then increased thereafter, with a maximum accumulation of 18.73-fold observed at 24 h (Fig. 6b) . On our previous report (Khorolragchaa et al. 2010) , abiotic stress such as chilling (4°C) was induced PgSTS transcript level to 2.95 fold at 1 h and reached its peak at 3.57 fold at 4 h. Meanwhile, abscisic acid (ABA) treatment stimulated PgSTS expression level to 3.56 fold at 2 h and increased gradually until 3.56 fold at 48 h post treatment. ABA, defined as a stress hormone, plays a central role in responses to biotic and abiotic stresses (Smet et al. 2006) .
In order to elucidate the functional roles of PgSTS, a key gene involved in the biosynthesis of terpenes, we overexpressed PgSTS in the well-defined model plant Arabidopsis. Transgenic plants were confirmed using genomic DNA as the template and PgSTS were amplified in all five of the selected lines but not Col-0 (as WT). Under the same growth conditions, the phenotypes of transgenic plants did not differ greatly both in shape and size of leaves compared to WT. However, the shoots heights of transgenic lines were higher than WT (Fig. 7a) . As shown in Fig. 7b , the transcript levels of PgSTSox#3 and PgSTSox#7 were higher than WT plants by 13.15 and 10.17-fold. Based on the phenotype and expression levels, these two lines were chosen for further analysis. Terpene content was considerably modified by expression of PgSTS in the transgenic lines. In addition, the transgenic lines increased sesquiterpene contents compared with WT plants (Fig. 8 ). Plant height, expression level, and sesquiterpene content were higher in PgSTSox lines compared to WT (Figs. 7, 8) . A similar pattern existed in transgenic tomato (DavidovichRikanati et al. 2008 ) and spearmint . Fig. 9 In vitro assay of PgSTSox lines against bacterial pathogens. Healthy leaves of wild-type and transgenic plants were infected with Pseudomonas syringe a photographs were taken after 2 and 4 days of treatment, b bacterial populations per leaf disc (1 cm 2 ) were counted after 2 and 4 days of syringe infiltration containing P. syringe, and the corresponding leaves were compared with the empty vector control (Pro35S: YFP) and two independent transgenic lines. The data represent the mean ± SE of three independent replicates. Averages of treated samples were significantly different compared to the control, *P \ 0.05 Physiol Mol Biol Plants (October-December 2016) 22(4): 485-495 493 Thus, increased terpene levels as a result of overexpression of PgSTS in Arabidopsis resulted in decreased susceptibility to biotic stress, suggesting a role as a plant defense mechanism. P. syringae is one of the pathogens which infects a broad variety of plants including Arabidopsis. This established pathosystem model has contributed enormously to the molecular understanding of plant-pathogen interactions. With black spots on the surface of veins, the leaves of PgSTSox plants exhibited less severe symptoms compared to mock-treated WT plants which showed discoloration and severe necrosis (Fig. 9a) . The bacterial populations size of mock and transgenic lines was quantified by titration of living cells in leaves 2 and 4 days postinoculation. Bacterial growth increased continuously after inoculation treatment. However, bacterial growth was significantly less in both transgenic lines compared with WT plants at 4 days post-inoculation (Fig. 9b) , indicating that sesquiterpenoid emission either increased the plant tolerance or inhibited the pathogen growth.
In summary, qRT-PCR and GC-MS analysis showed MeJA and SA triggered PgSTS expression at different time points resulting on higher terpene yield. Upon MeJA and SA treatment, the sesquiterpenes content in ginseng seedlings was significantly increased. Moreover, overexpression of PgSTS in Arabidopsis increased level of terpene content and induced tolerance against Pseudomonas infection. Taken together, these results suggested that PgSTS transcripts are involved in terpenoid biosynthesis of ginseng and it can be enhanced by giving MeJA and SA as elicitors; also, high terpene content can generate tolerance against pathogenic attack.
